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Summary
The endothelial celllayer is a multifunctional barrier between
the blood stream and the vascular wall. Reactive oxygen
species can damage endothelial cells and may so potentiate
atherosclerotic lesion formation. Therefore, we established an
in vitro model for the qualitative and quantitative investigation
of oxidative DNA damage and repair in human coronary
arterial endothelial cells (CAEC). Oxidative DNA damage was
induced by standardised treatment with 50-400 pM hydrogen
peroxide (H202). The amount of DNA damage was quantified by
determination of DNA single strand breaks (SSB) and
alkali-labile sites in individual cells, using the alkaline single-
cell gel electrophoresis assay - "comet assay". Significant
DNA damage could be induced reproducibly in CAEC cells
after exposure to 50 pM H202for 10 min. Additional treatment
with catalase prevented DNA damage by H202. The time
needed for DNA repair depended on the initial grade of
damage. After 30 min post-incubation at 37°C, DNA damage
was completely repaired in cells treated with 50 pM H202. Cell
samples initially damaged with H202 concentrations between
IOOpM and 400 pM were repaired after 60 min. This endo-
thelial cell culture model allows experiments on oxidative DNA
damage, alteration, and repair directly on the relevant target
cells. Animals are used neither as direct objects of such experi-
ments nor as cell or tissue donors.

Zusammenfassung: Etablierung eines in vitro Modells zur
Untersuchung oxidativer DNA Schäden in menschlichen
koronaren Endothelzellen
Die Zellen des Endothels bilden eine multifunktionelle Barriere
zwischen Blutstrom und Blutgefäßwand. Freie Radikale können
diese Zellen schädigen und dadurch auch die Entwicklung von
atherosklerotischen Veränderungen fördern. Deshalb haben wir
versucht, ein in vitro Modell für die qualitative und quantitative
Untersuchung von oxidativen DNA-Schädigungen in mensch-
lichen koronaren Endothelzellen (CAEC) zu etablieren. Die
oxidative DNA-Schädigung wurde durch standardisierte Be-
handlung mit 50-400 pM Wasserstoffperoxid (H202) erzeugt.
Der Grad der DNA-Schädigung in einzelnen Zellen wurde über
DNA-Einzelstrangbrüche und alkali-sensitive Stellen quan-
tifiziert. Dafür wurde die alkalische Einzelzell-Gelelek-
trophorese- Technik (comet assay) eingesetzt. Durch eine Be-
handlung der Endothelzellen mit 50 pM H202 über 10 min
wurde reproduzierbar eine signifikante DNA -Schädigung er-
reicht. Eine gleichzeitige Behandlung der Zellen mit Katalase
verhinderte die DNA-Schädigung. Die Zeit, die zur vollständi-
gen Reparatur der DNA gebraucht wurde, entsprach dem Grad
der vorherigen Schädigung. Nach 30-minütiger Inkubation der
Zellen bei 37°C war die DNA-Schädigung durch 50 pM H202
vollständig repariert. Zellen, die mit 100-400 pM H202 behan-
delt worden waren, benötigten für die Reparatur bis zu 60 min.
Mit diesem Endothelzell-Modell können systematische Unter-
suchungen über oxidative DNA-Schädigungen, ihre Beeinflus-
sung und Reparation direkt an den menschlichen Zielzellen
durchgeführt werden. Tiere werden dadurch weder direkt noch
als Zell- oder Organspender benötigt.
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1 Introduction

The endothelial celllayer is a multifunc-
tional barrier between the blood stream
and the vascular wall. The role of the
endothelium has been investigated with
regard to vascular lipid accumulation and
development of atherosclerosis (Ludden

et al. , 1942). The endothelium plays a
role in vascular tone regulation, (anti-)
coagulation, and exchange of molecules
between the blood stream and deeper cell
layers of the vascular wall and different
tissues. Recent investigations focus on
molecular and receptor mediated control
mechanisms (Finking et al., 2001a;

Fuster et al., 1992a; Fuster et al., 1992b;
Ross, 1993; Ross, 1999). Both, morpho-
logical and functional integrity of en-
dothelial cells are essential for normal
vascular function (Finking et al., 2001b;
Krasinski et al., 1997). In addition to
mechanical injury, a number of chernical
agents are supposed to be responsible for
disturbing the endothelium, especially
components of cigarette smoke. ReactiveReceived 29 January 2003; received in final form and accepted for publication 11 March 2003
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oxygen species (ROS) are frequently
found as products of metabolie or in-
flammatory processes. They play an
important role as second messengers,
mediating short-term signalling events
(Sundaresan et al., 1995). On the other
hand, reactive oxygen species induce
cellular damage and may potentiate
atheroselerotic lesion formation (An-
dreassi, 2003; Andreassi et al., 2000;
Ballinger et al., 2000). However, little is
known about DNA injury and repair ki-
netics in endothelial cells. On the back-
ground of our previous experiments with
human vascular smooth musele cells
(Kreja and Finking, 2002) we have now
established an in vitro model for the
qualitative and quantitative investigation
of oxidative DNA damage and repair in
human coronary endothelial cells.
Oxidative DNA damage was induced

by standardised hydrogen peroxide treat-
ment. H202 has been established as a
potent and direct agent of oxidant-
induced DNA-strand breaks (Baker and
He, 1991). The amount of DNA damage
was quantified by determination of DNA
single strand breaks (SSB) and alkali-
labile sites in individual cells, using the
alkaline single-cell gel electrophoresis
assay - comet assay (Collins, 2002;
Rojas et al., 1999; Singh et al., 1988;
Tice et al., 2000). Several investigators
have modified the assay to enable the
detection of specific elasses of DNA
damage (review Tice et al., 2000; Collins
et al., 1993; Collins et al., 1997; Merk
and Speit, 1999).

2 Methods

2.1 Cell culture
Normal human coronary artery endo-
thelial cells from one donor (43 years
old, female) were purchased from Clo-
netics ® IBioWhittaker Europe at third
passage together with the endothelial
growth medium ineluding growth factors
(EGM-2-MV Bullet Kit™) and a ready-
made trypsin solution (Reagentl'ack''Y).
For the stock culture the cells were cryo-
preserved after cultivation in 25 cnr'
bottles (Nunc, D-Wiesbaden) at 37°C in
a humidified atmosphere with 5% C02
following the supplier's directions. All
experiments were performed on cells at
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passage 5-7 which were grown to 80-
90% confluence.

2.2 Treatment with hydrogen
peroxide (H20z)

Coronary artery endothelial cells
(CAEC) were seeded in triplicate into
24-well plates (10.000-15.000 cells/well
in 2 ml growth medium). Exponentially
growing cells were washed with 2 ml
HEPES buffered saline (UltraSaline A,
BioWhittaker, Europe) and exposed for
10 min at 4°C, 20°C or 37°C to various
concentration of H202 applied in 004 ml
UltraSaline A. In some experiments the
ROS scavenger catalase (285 U/ml;
Sigma C-30) was added to the culture.
After treatment the cells were washed
twice, trypsinised, centrifuged (300g,
7 min), resuspended in medium and im-
mediately used in the comet assay.
For the investigation of the damage

repair kinetics, the cells were exposed to
H202 for 10 min at 20°C, then washed
twice, trypsinised, embedded in agarose
on a microscope slide, and lysed imme-
diately (0 min) or allowed to incubate in
2 ml of fresh culture medium for a
period of 15-240 min at 37°C and 5%
COz before being embedded in agarose
and lysed.

2.3 Alkaline single-cell gel
electrophoresis assay (comet
assay)

The comet assay was performed as de-
scribed by Singh et al. with slight modi-
fications (Singh et al., 1988). Briefly, a
level, thin layer of agarose gel was pre-
pared by dipping the slides in 1% warm
agarose in PBS. 15 ul cell suspension
(1-2x104 cells) were mixed with 85 ul of
0.5% low melting point agarose (LMPA)
in PBS, placed on the first agarose gel
layer, leveled with a cover glass, and
allowed to solidify at 4°C for 5 min. The
cover glass was removed and a third
layer of 0.5% LMPA (100 ul) with a
cover glass was applied. After the
agarose solidified, the cover glass was
removed and the glass slide was
submerged in a lysis solution (2.5 M
NaCI, 100 mM EDTA, 10 mM Trizma
Base, 1% sodium sarcosinate, 1% Triton
X-lOO, 10% DMSO; pH 10) and kept for
at least 60 min at 4°C to lyse the cells.
The slide was transferred to an elec-

trophoresis gel box filled with alkaline
electrophoresis buffer (300 mM NaOH,
1 mM EDTA; pH 13) for 20 min at room
temperature to allow unwinding of DNA.
Electrophoresis was conducted for 20
min at 25 V (0.8 V/cm) and 300 mA.
Slides were washed in neutralisation
buffer (004 M Trizma Base, pH 7.5) for
15 min and fixed in absolute ethanol for
5 min. The drained slides could be stored
in the dark for several weeks. Before
analysis the slide was stained with 50 ul
ethidium bromide (20 ug/ml in distilled
water) and covered with a cover glass.
Observations were made using a Zeiss

fluorescence microscope (160x magnifi-
cation) with a 515-560 nm excitation
filter and a 590 nm barrier filter attached
to a CCD camera. The extent of DNA
migration was analysed using an image
analysis system (Kinetic Imagining Ltd.,
U.K., Version 4.0).

2.4 Evaluation of DNA damage -
statistics

The comet assay operates on the principle
that DNA strand breaks create smaller
DNA fragments that migrate more rapid-
ly in an electric field than intact DNA.
The migrating DNA forms a comet-
shaped tai!, which is morphologically
distinct from the round head containing
intact DNA. To express the results, the
tail moment (TM), defined as the product
of the percentage of DNA in the comet
tail multiplied by the taillength (Olive et
al., 1990), was used. The median TM of
50 randomly selected cells per experi-
mental point (per slide) was determined.
Each replicate experiment was performed
on a different day with separately cultured
cells. The mean TM (± standard deviation,
SD) from 3-8 single experiments was
calculated. Comparisons between non-ex-
posed control group and H202 treated
cells were performed by two-tailed
Student's t-test for independent samples;
values of p<0.05 and less were considered
significant. Pair-wise comparison of each
dose group against the concurrent control
to identify significant effects at individual
doses was recommended by Tice et al.
(Tice et al., 2000).

2.5 Cell viability
Cell viability in non-exposed control and
after treatment with hydrogen peroxide
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was measured by the colorimetric micro-
culture MTT-assay (Mossmann, 1983).
In this assay, the reduction of the tetra-
zolium salt MTT ([3(4,5-dimethylthia-
zol-2-yl) 2,5-diphenyltetrazolium bro-
mide]) by mitochondrial succinate
dehydrogenase to formazan crystals in
viable, metabolically active cells is mon-
itored. After treatment with H2Ü2, cells
were allowed to incubate in 2 ml fresh
culture medium for aperiod of 4 hours at
37°C and 5% CÜ2. Trypsinised cells
were resuspended in 600 !Jl medium. 50
ul of this cell suspension and 150 ul
medium per well were seeded in tripli-
cate into 96-well plates and incubated at
37°C in 5% CÜ2 for 24 hours. The MTT-
assay was performed essentially as
described by Alley et al. (Alley et al.,
1988). Briefly, after incubation, 50 ul
MTT solution (Sigma; 0.5 mg/ml in
PBS) was added to each well and cul-
tures were incubated for a further 4 h.
Then, medium was carefully aspirated
and formazan crystals were dissolved in
150 ul dimethyl sulfoxide (DMSü;
Merck) and 25 ul of Soerensen's glycine
buffer (Plumb et al., 1989). After 10 min
agitation on a shaker, the light ab-
sorbance was measured using a mi-
crotiter plate reader (Tecan, Germany) at
wavelengths of 550 nm (test) and 620 nm
(reference). Cell viability was expressed
as a percentage of control absorbance
after deduction of background.

3 Results

Significant DNA damage could be in-
duced reproducibly in CAEC cells after
exposure to 50 flM H2Ü2 for 10 min at
4°C, 20°C or 37°C (Tab. 1). There were
no differences between TM measured af-
ter treatment at different temperatures. At
concentrations of 100 flM H2ü2 and
above only cells with completely frag-
mented DNA without a visible nucleus
were seen. Such cells, also called
"clouds" or "hedgehog comets" with
non-detectable cell nuclei could not be
quantitatively evaluated by the analysis
system.
Figure 1 shows representative his-

tograms of tail moments for control
(no hydrogen peroxide), and for 25 flM,
50 flM and 75 flM H2Ü2 treated cells. In
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Tab. 1: DNA damage after treatment of human coronary artery endothelial cells with
varying doses of hydrogen peroxide for 10 min at different temperatures.

Treatment Tail moment

with H202 4°C 20°C 3rC

control 0.37 ± 0.27 (4) 0.24 ± 0.18 (7) 0.46 ± 0.25 (6)

10 ~M 0.32 ± 0.22 (4) 0.53 ± 0.46 (6) 0.81 ± 0.28 (3)

25 ~M 1.04 ± 0.73 (4) 1.08 ± 0.53* (7) 0.96 ± 0.58 (3)

50 ~M 7.50 ± 2.27* (3) 6.22 ± 2.08* (7) 5.76 ± 1.54* (4)

75 ~M 6.35 ± 3.20* (4) 8.08 ± 2.57* (6) 6.50 ± 2.82* (3)

Mean values ± SD are presented, number of experiments is given in brackets.
* significantly greater than control value; p<0.05
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control the control group more than 95% of cells
had TM values below 2.0. After treat-
ment with 75 flM H2Ü2, all cells on the
slides had visible comets. TM above 3.0
was measured in all these cells. The
results show that CAEC res pond
homogenously to H2ü2 exposure and
damage was induced in the entire cell
population.
Table 2 shows the effects of catalase

on H2ü2-induced DNA damage in
CAEC. Significant protection is seen in
the presence of catalase, the induction of
comets after exposure to 25 flM, 50 flM
or 75 flM H2Ü2 was abolished.
For the study of DNA repair, the time-

dependent removal of lesions (i.e., the
decrease in DNA migration after H2ü2
exposure) was monitored over 15-
240 min. The results are presented in
Table 3. The time needed for DNA repair
depended on the initial grade of damage.
After 30 min post-incubation at 37°C,
DNA damage was completely repaired in
cells treated with 50 flM H2ü2. Cell
samples initially damaged with H2Ü2
concentrations between 100 flM and
400 flM were repaired after 60 min. After
this time there were no more comets or
cells with undetectable cell nuclei as seen
immediately after exposure and the TM
values measured in all groups were not
significantly different from the contro!.
Cell viability after treatment with

different H2ÜZ concentrations was
measured using the MTT-assay. The
results in Table 3 show that H2ü2 expo-
sure was not cytotoxic in this regard. Cell
growth in samples exposed to 50 flM,

25 11M
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Fig. 1: Representative histograms of tail
moment to show the distribution of DNA
damage induced in human coronary
artery endothelial cells after exposure
for 10 min at 20°C to different
concentrations of hydrogen peroxide.
Data based on 50 cells/dose.
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Tab. 2: Protective effect of catalase on H202-induced oxidative damage in human
coronary artery endothelial cells.

Tail moment*

H202 concentration Experiment without catalase with catalase

control 1 0.57 0.38

2 0.38 0.29

25 ~M 1 1.66 0.2

50 ~M 1 3.60 0.19

2 7.48 0.35

75 ~M 1 5.59 0.42

Cells were treated with H202 in presence or absence of catalase for 10 min at 20°C.
* Median values from 50 cells per experimental point.

200 /-IMor 400 /-IMH202 was not differ-
ent to non-exposed control cells.

4 Discussion

Oxidative DNA damage and consequent
dysfunction in endothelial cells was first
studied by Spragg (Spragg, 1991) in
bovine pulmonary arteries and aortas.
Ballinger et al. (2000) studied oxidative
mitochondrial DNA damage in endo-
thelial cells from human umbilical veins.
On the basis of their experiments the
authors assumed that such ROS-induced
rnitochondrial damage could possibly
mediate endothelial and vascular dys-
function and so promote atherogenesis
development.
Previously, we established a cell cul-

ture model for systematic investigation

of oxidative DNA damage and repair in
human coronary smooth musele cells
(Kreja and Finking, 2002). With the pre-
sent study an in vitro model for such in-
vestigations in human coronary endothe-
lial cells (CAEC) was to be established.
Measurable DNA damage in CAEC

could be induced after exposure to 50 /-IM
H202 for 10 rnin. These results are com-
parable to those presented by Spragg
(1991) who had quantified substantial
DNA strand breakage in bovine pul-
monary artery and aortic endothelial
cells by a fluorometric method after
treatment with 50 /-IMH202. According
to Spragg, this concentration can be
found at the interface between the adher-
ent leukocyte and the vascular endothe-
lial cell.
The results of our present study show

dose-dependent damage of DNA in en-

dothelial cells (Fig.1, Tab.1). At concen-
trations of 100 /-IM H202 and above
DNA was completely fragmented. How-
ever, even after exposure to high concen-
trations of H202 endothelial cells had a
high capacity to repair oxidative DNA
damage. After 60 rnin even the highest
grades of damage induced with doses up
to 400 /-IMH202 were repaired (Tab. 3).
This is important for in vivo situations as
well because during normal cell
metabolism the amount of oxidative
damage is estimated at tens of thousands
of hits per cell per day (Ames and Gold,
1990). However, the measurement of the
damage repair rates, as performed in the
present study, did not provide any infor-
mation about the repair fidelity. DNA
strand break rnisrepair could not be ex-
eluded. If damage in crucial regions of
DNA is not repaired or not repaired prop-
erly, malignant cell transformation or
mutations can occur as a consequence of
such repair defects. The involvement of
somatic mutations in the formation of
atheroselerotic plaques was first suggest-
ed by Benditt and Benditt (1973). They
proposed the "monoclonal" hypothesis
of atheroselerosis and postulated that a
plaque may be regarded as a monoelonal
benign neoplasm of the artery wall.
Studies on DNA damage and repair
mechanisms in atheroselerotic tissue are
lacking. However, there is accumulating
evidence that somatic mutations play a
role in the development of atheroscle-
rotic plaques. The study of DNA alter-
ations may be of fundamental impor-

Tab. 3: Repair kinetics of induced DNA damage and cell viability after exposure of human coronary artery endothelial cells to
hydrogen peroxide.

Tail moment after H202 treatment

Treatment
with H202 Omin 15 min 30 min 60 min 120 min 240 min cell viability*

control 0.15 ± 0.01 (15) 0.15 ± 0.05 (2) 0.13 ± 0.04 (2) 0.13 ± 0.76 (4) 0.15 ± 0.05 (9) 0.12 ± 0.01 (2) 100
50 ~M 6.56 ± 2.71** (8) 2.43 ± 1.27** (3) 0.62 ± 0.50 (8) 0.33 ± 0.19 (9) 0.21 ± 0.06 (5) 90 ± 12

100 ~M NOCN 3.47 4.32 ± 3.16" (4) 0.48 ± 0.32 (4) 0.20 ± 0.11 (2) 78 ± 3**
200 ~M NOCN 10.24 1.27 ± 1.59** (4) 0.41 ± 0.15 (4) 0.32 ± 0.21 (2) 84 ± 14
300 ~M NOCN 0.47 ± 0.37 (4) 0.21 ± 0.11 (4) 0.16 ± 0.06 (2)
400 ~M NOCN 0.47 ± 0.31 (4) 0.21 ± 0.10 (4) 0.15 ± 0.04 (2) 101 ± 12

Cells were treated with H202 for 10 min at 20°C and than incubated in fresh medium for 15-240 min at 37°C.
Mean values (± SO) are presented; number of experiments is given in brackets.
*Percentage of viable cells vs. non-exposed control, as measured in MTT assay; mean values from 3 experiments ± SO.
**significantly different to the control value; p<0.05 and less
NOCN = non-detectable cell nuclei; cells with completely fragmented ONA
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tance for understanding the mechanisms
of the development of atherosc1erosis
(Andreassi, 2003; Andreassi et al., 2000;
Bridges et al., 1990; Penn, 1990).
Oxidative damage induced by H202

could be prevented by additional treat-
ment with catalase (Tab. 2). This demon-
strates the importance of antioxidant pro-
tection of endothelial cells and other
cells in the vascular wall. Antioxidant
protection against free radical damage by
means of enzymes like catalase or perox-
idases is permanently active in vivo. It
may be supported by nutrition al compo-
nents. Estrogens and phytoestrogens are
considered to play a protective role in
cells of the cardiovascular system (Fink-
ing et al., 2001a; Finking et al., 1999a;
van der Schouw et al., 2000; Wisemann,
2000). One well investigated target of
such antioxidative protection is oxidised
LDL, which is a key promoter of
atherosc1erosis (Hwang et al., 2000).
Usually such mechanisms and effects on
endothelial cell function are investigated
not only in vitro but also in animal mod-
els (Chandrasekar et al., 2001; Finking et
al., 2001b; Holm et al., 1998).
The cell culture model introduced here

offers a variety of possibilities to work
systematically on questions of potential-
ly ROS-induced and mutagenic aspects
of human coronary atherosc1erosis.
Steroid hormones like 17ß-estradiol
(Finking et al., 2001a) or phytoestrogens
(Finking et al., 1999a) which have an-
tioxidant properties can be investigated
as modulators in this regard. It has fre-
quently been demonstrated that such
agents act antiatherogenically and an-
tiproliferatively in mouse (Sullivan et al.,
1995), rat (Oparil et al., 1997), rabbit
(Hanke et al., 1996; Finking and Hanke,
1997; Finking et al., 2001b), swine (Shi
et al., 1996) and primate animal models
(Holm et al., 1998) as well as in organ
culture experiments (Vargas et al., 1993;
Finking et al., 1999b; Finking et al.,
2000). Whether antioxidative effects are
involved in this action requires more in-
vestigation on the cellular level. Other
potent antioxidative agents to be investi-
gated are vitamin C and E or artificial
antioxidants like probucol (Bhavnani et
al., 2001). However, most studies in this
regard focus on alterations of oxidised
low density lipoprotein (oxLDL),
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macrophages and atherosc1erotic
plaques but not on mutagenic, DNA-
altering processes. Animal, i.e., rabbit
models, because of their complexity,
come to rather controversial results re-
garding antioxidative vitamin actions
and their physiological effects (Upston
et al., 2002; Yoshida et al., 2002).
With the cell culture model presented

we can provide an in vitro system to in-
vestigate distinct mechanisms, which are
- to date - poorly analysed and under-
stood. By using human coronary en-
dothelial cells the experiments can target
the relevant cells directly. Animals are
not required as direct objects of such ex-
periments or donors of tissue and cells.
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